Plastid division is controlled by numerous nuclear genes. Arabidopsis thaliana CRUMPLED LEAF (AtCRL) is a plastid division-related gene, and the crl mutant exhibits a dwarf phenotype with abnormal cell division and a significant reduction in plastid numbers. However, the function of AtCRL is not fully understood. Here, we identified and characterized two AtCRL homologs, PpCRL1 and PpCRL2, in the moss Physcomitrella patens. PpCRL1 and PpCRL2 shared 77% amino acid identity with each other and 47% identity with AtCRL. Single PpCRL1 or -2 gene knockout (KO) mutants could not be distinguished from the wild-type mosses, but PpCRL1 and -2 double KO mutants displayed growth retardation of protonemata and gametophores and harbored approximately 10 large chloroplasts per cell. This indicates that PpCRL1 and PpCRL2 have redundant functions in chloroplast division and plant growth. Unlike the A. thaliana crl mutants, however, the PpCRL double KO mutants did not display abnormal orientation of the cell division plane. Complementation experiments showed that AtCRL partially rescued the defects in chloroplast size and number of the PpCRL double KO mutant. This suggests that PpCRL has a similar, but not identical, function to AtCRL. Time-lapse microscopic observation of the double PpCRL KO mutants revealed that some dumbbell-shaped chloroplasts failed to complete division at the late stage of plastid division; enlarged chloroplasts were thus generated. This strongly suggests that PpCRLs are involved in the complete separation of dividing chloroplasts.
Introduction
Plastids are the major sites of synthesis of sugars, starch, lipids and phytohormones, and are therefore essential for cell viability, plant growth and plant development. Plastids are maintained in cells by binary fission of pre-existing plastids. The plastid division machinery has been well studied, and many mutants with impaired plastid division but unaffected overall plant development have been reported (Maple and Moller 2007 , Kuroiwa et al. 2008 , Miyagishima and Kabeya 2010 .
The CRUMPLED LEAF (CRL) gene was originally identified in A. thaliana from a mutant showing dwarfism and a pale green, crumpled leaf lamina (Asano et al. 2004 ). The crl mutant exhibits not only aberrant plant development but also a significant reduction in plastid numbers. In the crl mutant, the chloroplasts in the mesophyll cells are enlarged and there are only 1-4 chloroplasts per cell, compared with >100 chloroplasts per cell in the wild type (WT) (Asano et al. 2004 ). The CRL gene encodes a novel outer envelope membrane protein of plastids. The CRL protein is rich in hydrophilic amino acids and contains a putative transmembrane domain at its N-terminal region. The molecular mechanism by which the crl mutation affects plastid division and plant development is still unclear. crl mutant embryos frequently contain cells that lack plastids. This suggests that CRL might be important in the partitioning of plastids to daughter cells (Chen et al. 2009 ). crl mutants exhibit severe defects in plastid division, abnormal orientation of cell division and aberrant cell differentiation. Such phenotypes are unique among the mutants that affect plastid division in A. thaliana. CRL homologs are widely distributed from cyanobacteria to land plants (Asano et al. 2004 ), but their function remains to be characterized.
The plastid division machinery is conserved in land plants (Miyagishima and Kabeya 2010) , but the mechanism of plastid division seems to be species specific. For instance, unlike in A. thaliana, plastid division in the moss Physcomitrella patens is controlled by genes associated with peptidoglycan synthesis (Machida et al. 2006 , Garcia et al. 2008 . Arabidopsis thaliana has three FtsZ genes, and these are exclusively involved in plastid division. In contrast, P. patens has five FtsZ genes that are involved not only in plastid division, but also in chloroplast shaping, cell patterning and plant development (Martin et al. 2009 ). Four PLASTID DIVISION2 (PDV2) homologs have been identified in P. patens and shown to be involved in plastid division, but no PDV1 homologs have been identified in P. patens (Okazaki et al. 2009 ). DYNAMIN-RELATED PROTEIN 5B (DRP5B) is encoded by a single copy gene in A. thaliana, whereas it is encoded by three genes in P. patens (Sakaguchi et al. 2011 ). Thus, although P. patens shares fundamental genetic and physiological processes with seed plants (Reski 1998 , Cove et al. 2006 , it is possible that the function of the components involved in plastid division differs between P. patens and A. thaliana.
To address the function of CRL protein in plastid division further and shed more light on the evolutionary mechanism of this plant function, we observed chloroplast division and cell division in P. patens. We identified two P. patens CRL homologs (PpCRL1 and PpCRL2) and analyzed PpCRL1 and -2 double mutants generated by targeted gene knockout (KO). We also performed a functional analysis to complement the findings of our investigation of the mutant phenotype.
Results

Structure of moss CRL genes
A BLAST search using the A. thaliana CRL (AtCRL) protein sequence as a query against the P. patens genome v1.1 database of the United States Department of Energy's Joint Genome Institute (Rensing et al. 2008 ) revealed three CRL homologs: e_gw1.103.26.1 (Protein ID 133413), estExt_Genewise1.C_640118 (Protein ID 210691) and scaffold_144:128540-132305 (3766 bp). They were designated PpCRL1, PpCRL2 and PpCRL3, respectively. Comparison of the genomic sequences and the cDNA sequences (AB703075 and AB703076) revealed that PpCRL1 and PpCRL2 consisted of nine exons and eight introns (Supplementary Figs S1, S2). All the introns were inserted at the same nucleotide positions as in the AtCRL gene (Asano et al. 2004 ). The deduced amino acid sequences of PpCRL1 and PpCRL2 consisted of 314 and 342 amino acid residues, respectively. Because of the presence of three fatal point mutations-a frameshift, a mutation of the splicing junction site and a premature stop codon-PpCRL3 is likely to be a pseudogene ( Supplementary Fig. S3 ). Compared with AtCRL, PpCRL1 and PpCRL2 had a longer N-terminal extension of 67 and 73 residues, respectively. They shared 77% amino acid identity with each other and 47% identity with AtCRL. Like AtCRL, PpCRL1 and PpCRL2 proteins were rich in hydrophilic amino acid residues and had a stretch of hydrophobic amino acid residues, constituting a putative transmembrane (TM) domain, near the N-terminus (Fig. 1) . Some positive amino acid residues were followed by the TM domain ( Fig. 1) , which was similar to the ANKYRIN REPEAT-CONTAINING PROTEIN 2A (AKR2A)-binding domain (Shen et al. 2010) .
A further BLAST search revealed proteins similar to AtCRL in various plants, including the lycophyte Selaginella moellendorffii, gymnosperms and angiosperms, and even cyanobacteria ( Supplementary Fig. S4 ). A cyanobacterial CRL homolog, cpcT, in Synechococcus sp. PCC 7002, encodes a new class of bilin lyase, which is responsible for the attachment of phycocyanobilin to Cys153 of a phycocyanin b-subunit (Shen et al. 2006) . Phycocyanin is a component of phycobilisomes, the light-harvesting apparatus in photosynthesis. cpcT homologs are also found in the red alga Cyanidioschyzon merolae and the cryptophyte Guillardia theta (Bolte et al. 2008) . We found neither CRL nor cpcT homologs in the complete genomes of the green algae Volvox carteri, Chlamydomonas reinhardtii or Osteococcus tauri. A phylogenetic tree showed that CRL proteins in land plants are monophyletic and are evolutionarily far from CpcT ( Supplementary Fig. S4 ). Amino acid residues identical among four or three proteins are shaded black or gray, respectively. The amino acid sequence of CpcT is derived from Syc0783 of Synechococcus elongatus PCC 6301 . Black dots indicate amino acid residues required for CpcT function (Shen et al. 2006) . Among these residues, those conserved in AtCRL and PpCRL are indicated by white circles.
Expression of PpCRL genes and subcellular localization of PpCRL proteins
To examine the accumulation levels of PpCRL transcripts in protonemata and gametophores, we performed reverse transcription-PCR (RT-PCR). PpCRL1 and PpCRL2 were expressed at similar levels in both tissues ( Fig. 2A) . We also detected a small amount of PpCRL3 transcript.
To investigate the subcellular localization of PpCRL proteins, a chimeric plasmid encoding green fluorescent protein (GFP) fused to the C-terminus of PpCRL was introduced into the protonema protoplasts. Both PpCRL1-GFP and PpCRL2-GFP gave rise to a rim-like fluorescence around the chloroplasts (Fig. 2B) . In contrast, the GFP fluorescence of PpSig1-GFP was localized uniformly in the chloroplasts. PpSig1 is a plastid sigma factor and is known to localize in the stroma (Hara et al. 2001) . The result suggested that PpCRL1 and PpCRL2 proteins were localized in the chloroplast envelope.
To examine whether a putative TM domain of PpCRL1 is involved in chloroplast localization, we tested the chloroplast envelope localization of two different GFP fusion proteins, M1-120-GFP and M39-120-GFP, corresponding to amino acid residues 1-120 and 39-120, respectively, of PpCRL1. Both fusion proteins were localized in the periphery of the chloroplasts (Fig. 2C) . This result indicated that the N-terminal amino acid sequence up to and including residue 38 is not required for chloroplast localization; the 82 amino acid region from residue 39 to 120, including the putative TM domain, is sufficient for localization to the chloroplast envelope.
Generation of PpCRL knockout mutants
To investigate the function of PpCRL genes in moss development and plastid division, we disrupted each PpCRL gene by homologous recombination using a geneticin resistance gene (nptII) cassette as a selection marker. However, the visible phenotypes of single gene KO lines did not differ from those of the WT ( Supplementary Fig. S5 ). To generate double KO mutants of PpCRL1 and PpCRL2, the PpCRL1 genomic fragment interrupted by insertion of a hygromycin resistance gene (hpt) cassette was transformed into a PpCRL2 KO line, Á2-10 ( Fig. 3A ; Supplementary Figs . S2, S5). We isolated two independent double KO lines verified by PCR genotyping, hereafter named Á1/2-8 and Á1/2-9 ( Supplementary Fig. S6 ). By RT-PCR analysis, PpCRL1 and PpCRL2 transcripts were detected in the WT but not in the Á1/2-8 and Á1/2-9 lines (Fig. 3B) . In contrast, Actin gene transcripts were detected at similar levels in both the WT and the double KO lines. These results confirmed that lines Á1/2-8 and Á1/2-9 were null mutants of PpCRL1 and -2. Both double KO lines were used for further analysis.
We also generated double KO lines of PpCRL1 and PpCRL3 by introducing a PpCRL3 disruption construct into a PpCRL1 
PpCRL1 and PpCRL2 double disruption affects plant growth
The double KO lines Á1/2-8 and Á1/2-9 had substantially smaller protonema colonies than the WT (Fig. 3C) . The chloronema subapical cells were 85.0 ± 0.5 mm long (n = 20) in the WT, 74.6 ± 15.4 mm (n = 20) in Á1/2-8, and 73.0 ± 10.4 mm (n = 20) in Á1/2-9 lines. This suggests that the reduced cell elongation may cause the growth defect in the double KO lines. In addition, these mutants developed smaller gametophores than the WT. Their heights were reduced to 60% of those of the WT (Fig. 3C, D was reduced to 63 and 70%, respectively, of that in the WT (Fig. 3C, D) . The gemetophores of WT and the double KO lines had the same number ($9) of leaves. The Chl a/b content of the protonema was 0.70 ± 0.03 mg gFW À1 (n = 3) in Á1/2-8 and 0.67 ± 0.05 mg gFW À1 (n = 3) in Á1/2-9. These were almost the same as that in the WT [0.73 ± 0.06 mg gFW À1 (n = 3)]. Although they showed growth retardation and formed smaller gametophores than in the WT, the double KO mutants showed normal development of two types of protenema cells, namely chloronema and caulonema (Fig. 3E) . They developed gametophores and generated leaves with normal morphology. The shape and arrangement of leaf cells in the double KO mutants were normal (Fig. 3F) . As in Arabidopsis crl mutants (Chen et al. 2009 ), cells without chloroplasts were observed in the leaves of the double KO mutants (Fig. 3F ).
PpCRL1 and PpCRL2 double disruption impairs plastid division and plastid shape
In lines Á1/2-8 and Á1/2-9, the chloroplasts were enlarged and of heterogeneous size; moreover, the number of chloroplasts per cell was decreased (Fig. 3E, F) . The number of chloroplasts per chloronema cell was 47.3 ± 7.5 (n = 20) in the WT but only 9.0 ± 3.7 (n = 20) in the double KO mutants (see Fig. 5E ). The chloroplasts in the caulonema cells of Á1/ 2-8 and Á1/2-9 were also larger than in the WT (Fig. 3E) . In the gametophore cells, the number of chloroplasts was 19.8 ± 6.4 (n = 20) in the WT and 4.9 ± 2.4 (n = 20) in the double KO mutants (Fig. 3F) . In the mutants, a quarter of the observed chloroplasts displayed a dumbbell shape when the protonemata were grown on BCDATG medium (Supplementary Table S2 ). Moreover, half of the mutant chloroplasts displayed a spherical shape when the cells were grown on BCDG medium (Fig. 3E) .
To examine how the double KO lines gave rise to spherical chloroplasts, we investigated plastid division via time-lapse microscopic observation. Time-lapse movies are shown as Supplementary Movies S1 and S2 (Â2,000 speed).
Caulonemal tip cells are suitable for observing cell division and plastid division, because their growth is markedly faster than that of chloronema cells (Menand et al. 2007 ). In the caulonemal cells of the WT, the dumbbell-shaped chloroplasts separated and gave rise to two daughter chloroplasts within 4 h after the start of observation ( Fig. 4A; Supplementary Movie S1) . In the cells of the double KO mutants, some dumbbell-shaped chloroplasts failed to complete division and developed into spherical chloroplasts ( Fig. 4B; Supplementary Movie S2) . This suggests that PpCRL is required for the completion of chloroplast division but not for the constriction of chloroplasts.
When moss protonemata are treated with ampicillin, chloroplast division is inhibited and enlarged chloroplasts appear (Kasten and Reski 1997, Katayama et al. 2003) . We therefore treated WT and double KO mosses with 100 mM ampicillin. The WT treated with ampicillin contained a single large chloroplast that spread throughout the cell (Fig. 4C,   +Amp) . Ampicillin-treated double KO mosses contained one nearly spherical chloroplast (Fig. 4C, +Amp) , whereas untreated KO mosses harbored about nine chloroplasts per cell (Fig. 4C, -Amp, Fig. 5E ). The WT treated with ampicillin did not display growth retardation, whereas double KO mosses treated with ampicillin displayed more severe growth inhibition than those without ampicillin (Fig. 4D) . This result suggests that more severe impairment of plastid division may cause more severe growth inhibition of double PpCRL KO lines.
Arabidopsis thaliana CRL complements P. patens PpCRL KO mutants
Chimeric DNA encoding the PpCRL1-GFP fusion protein was introduced into the double KO mutant Á1/2-9. The transgenic line 9F2 that we obtained expressed GFP fluorescence, and its protonema cells contained WT-like chloroplasts (Fig. 5A, E) . In contrast, the transgenic line 9N5 (Á1/2-9 background) expressing M1-120-GFP protein retained large chloroplasts (Fig. 5B,  E) . This indicated that the PpCRL1-GFP chimeric gene rescued the defects in chloroplast size and number of Á1/2-9, whereas M1-120-GFP did not. This result confirmed that disruption of PpCRL1 and PpCRL2 was responsible for the Á1/2-9 phenotypes. We then introduced the AtCRL-GFP fusion gene into the Á1/2-9 line to examine whether AtCRL rescued the phenotypes of the double KO of PpCRL1 and PpCRL2. AtCRL-GFP partially rescued the defects in chloroplast size and number in Á1/2-9 (Fig. 5C, E ). This result indicated that AtCRL had the same function as PpCRL1 and PpCRL2.
To examine whether a cyanobacterial cpcT gene functions as PpCRL in P. patens, we constructed and characterized a transgenic moss line, 9S7, which expressed Syc0738 (CpcT)-GFP fused to M1-120 of PpCRL1. GFP fluorescence of M1-120-Syc0738-GFP was observed at the periphery of the chloroplasts. However, line 9S7 possessed about 10 large chloroplasts per protonemal cell (Fig. 5D, E) . Thus, the cyanobacterial cpcT gene did not rescue the defect in the chloroplast division phenotype of the PpCRL1 and -2 double KO mutants. This suggests that PpCRL is functionally distinct from cpcT.
Discussion
Divergence of CRL function in P. patens and A. thaliana Our findings indicated that PpCRL1 and -2 are functionally orthologous to AtCRL and have redundant functions in chloroplast division and plant growth. However, there are some differences in CRL function between P. patens and A. thaliana, as discussed below.
Loss of the A. thaliana CRL function results in multiple aberrant phenotypic characterizations: a dwarf and pale green phenotype, abnormal plastid division and abnormal orientation of the cell division plane (Asano et al. 2004 ). However, disruption of the two PpCRL genes did not cause aberrant orientation of the cell division plane in gametophore leaves (Fig. 3E) . Eventually, the double PpCRL KO mutants showed normal development of two types of protonemal cells and gametophores, and they generated leaves with normal morphology (Fig. 3C, E) . Thus, PpCRLs may not be required for the regulation of the orientation of the cell division. These findings suggest that PpCRL genes have functions that are similar, but not identical, to that of AtCRL. This is supported by the observation that AtCRL partially rescued the phenotype of the KO mutant Á1/2-9 (Fig. 5B, E) . Chloroplast division was impaired in the double PpCRL KO mutants, but to a lesser degree than in A. thaliana crl mutants. This may have been the cause of the different phenotypes of overall plant development between PpCRL and crl mutants. Plastid division in P. patens, unlike flowering plants, is sensitive to b-lactam antibiotics (Reski 2009 ), because P. patens possesses a full set of genes required for peptidoglycan biosynthesis, whereas flowering plants do not (Machida et al. 2006, Takano and Takechi 2010) . We treated double PpCRL KO mutants with 100 mM ampicillin to test whether more severe impairment of plastid division would cause poorer plant growth. The double PpCRL KO treated with ampicillincontaining medium had a dwarf phenotype in which the cells contained almost one chloroplast. In contrast, WT mosses treated with antibiotics showed no growth retardation even though each cell contained one large chloroplast (Fig. 4) . This result showed that more severe impairment of plastid division causes poorer plant growth, suggesting that the control of plastid division through CRL is important in the cellular reactions for plant growth. It also showed that PpCRL is independent of the b-lactam-sensitive pathway of chloroplast division. Simková et al. (2011) have reported that plastid division mutants including crl show perturbation of plastid homeostasis and activated expression of stress genes, by the so-called retrograde plastid-to-nucleus signaling. Our research showed that the dwarf phenotype was caused by inhibition of plastid division mediated by CRL. This suggests that CRL is associated with direct plastid-to-nucleus signaling for plant growth.
PpCRLs may help to achieve separation of dividing plastids A striking feature of the double PpCRL KO mutants was the appearance of large, spherical chloroplasts (Figs. 3E, 4) . In general, in WT mosses, the chloroplasts of protonema cells are flattened and positioned along the inside of the cell's surface. Even the giant chloroplasts of KO mutants of chloroplast division-related genes, including FtsZ (Martin et al. 2009 ), mur (Machida et al. 2006 ) and drp5B (Sakaguchi et al. 2011) , are expanded evenly throughout the cell. In contrast, the enlarged chloroplasts of the double PpCRL KO mutants were positioned near the center of the cell. When WT protonemata are treated with ampicillin, chloroplast division is inhibited and enlarged chloroplasts appear (Kasten and Reski 1997, Katayama et al. 2003) . Ampicillin-induced giant chloroplasts are also flattened and positioned toward the inside of the cell (Fig. 4C) . Thus, the chloroplasts of double PpCRL KO mutants are unique among the mutants that affect plastid division. Such a phenotype is also observed in A. thaliana crl mutants (Chen et al. 2009 ). This suggests that CRL protein is associated with the positioning or distribution of plastids within a cell.
Our time-lapse observation of plastid division in the double PpCRL KO mutant Á1/2-9 revealed that the constriction of dumbbell-shaped chloroplasts disappeared, and enlarged chloroplasts were generated (Fig. 4) . This suggests that PpCRL is associated with the final process of plastid division, namely complete separation of daughter chloroplasts (see Fig. 6 ). Several studies have proved that the actin cytoskeleton is required for tip growth and organelle movement (Vidali et al. 2007 ). For chloroplast photorelocation movement in P. patens, the actin meshwork, which is composed of short actin filaments between the chloroplasts and cell membrane, plays important roles in chloroplast movement and positioning in the cell (Yamashita et al. 2011) . We therefore speculate that PpCRLs are necessary for establishing a connection between the chloroplast outer envelope membrane protein and the cytoskeleton. Thereby, loss of PpCRL function impairs the chloroplast shape.
Recently, in the new chloroplast division mutant clmp1, it was reported that CLUMPED CHLOROPLASTS 1 (CLMP1) encoding a protein of unknown function localized in the cytoplasm is required for plastid separation in A. thaliana (Yang et al. 2011 ). Yang et al. showed that constriction of dividing chloroplasts proceeds normally in clmp1 but that separation is impaired. Our PpCRL double KO mutants and clmp1 displayed similar phenotypes, although we did not find a CLMP1 homolog in the P. patens genome. It is possible that CRL and CLMP1 directly interact with each other and play a role in separating the plastids in A. thaliana.
Plant CRL genes are probably of cyanobacterial origin, but their function has greatly diverged Plant CRLs showed weak similarities ($25% amino acid identity) to cyanobacterial CpcT. cpcT homologs are present in the red alga C. merolae and the cryptophyte G. theta ( Supplementary Fig. S4 ). Cyanobacteria and red algae have light-harvesting complexes, phycobilisomes, which consist of phycobiliproteins; G. theta does not. In contrast, cpcT homologs are not found in green algal genomes; this can be explained by ΔPpCRL1/2 WT Fig. 6 Working model of PpCRL function in P. patens. A dividing chloroplast is constricted and divided completely in the WT moss. In the PpCRL1 and PpCRL2 double KO mutant, constriction of the dumbbell-shaped chloroplast disappears and an enlarged chloroplast is generated. the fact that the cpcT gene was lost in the extant green algae ( Supplementary Fig. S4) , with a concomitant loss of phycobilisomes. To date, CRL homologs have also not been found in extant green algae. This raises the question, 'What is the origin of CRL genes in land plants?' One possibility is that they had a cyanobacterial origin, because CRLs contain some of the conserved amino acid residues required for CpcT function (Shen et al. 2006 , Kupka et al. 2009 ). However, CRL and CpcT have different functions, as shown by our complementation experiments in which CpcT (Syc0783) did not rescue the KO phenotype in the moss (Fig. 5D) . This suggests that CRL has evolved from the cpcT gene but acquired a function divergent from that of bilin lyase. A similar case may be true for the GIANT CHLOROPLAST 1 (GC1) gene. GC1 was identified on the basis of its similarity to the bacterial cell division inhibitor SulA (Bi and Lutkenhaus 1993) , which encodes a protein similar to nucleotide-sugar epimerase. In A. thaliana, GC1 is located in the chloroplast inner envelope, and GC1-deficient mutants display mesophyll cells harboring one or two giant chloroplasts (Maple et al. 2004) . However, in A. thaliana, GC1 acts not as a SulA-like protein but as a plastid division-positive factor.
PpCRL could function mainly in the final process of plastid division. On the other hand, CRL in seed plants may be associated with cellular processes, the orientation of cell division, cell differentiation and overall plant development as part of a highly ordered body plan.
Materials and Methods
Plant material and growth conditions
The moss P. patens was grown at 25 C under continuous light (30 mmol photon m À2 s À1 ) on BCDG or BCDATG medium (Hattori et al. 2007 ).
RT-PCR for detection of PpCRL transcripts
Total cellular RNA was isolated from the protonemata and gametophores, and DNA-free RNA was prepared and reverse transcribed to synthesize cDNA using PrimeScript RTase (TAKARA) and oligo(dT) primer, as described previously (Ohtani et al. 2010) . RT-PCR was performed using Paq5000 DNA polymerase (Promega) and specific primer sets (Supplementary Table S1 ). RT-PCR was performed for the indicated cycles (each of 30 s at 94 C, 30 s at 55 C, 30 s at 72 C).
Intracellular localization of PpCRL-GFP fusion proteins
The coding sequence (942 bp) for the full length of PpCRL1 was amplified from cDNA by PrimeSTAR HS polymerase (TAKARA) using primers CRL1-ATG27 and CRL1-fullR. That of PpCRL2 was amplified as a 1,026 bp DNA using primers CRL2-ATG27 and CRL2-fullR-new. The amplified DNA was cloned into the SmaI site between the 35S promoter and the sGFP(S65T) gene in pKSPGFP9, as described previously ).
The plasmids were named PpCRL1-GFP and PpCRL2-GFP. Likewise, a 360 bp DNA encoding the N-terminal 120 amino acid region of PpCRL1 was amplified with primers CRL1-ATG27 and CRL1-360R. A 246 bp DNA encoding the N-terminal 39th to 120th residue of PpCRL1 was amplified by primers PpCRL1-M39 and CRL1-360R. They were cloned in pKSPGFP9 and named M1-120-GFP and M39-120-GFP, respectively. The plasmid was coated on gold particles (1 mm, Bio-Rad) and bombarded into the 4-day-old protonemata, as described by Tasaki et al. (2010) . One day after bombardment, we observed GFP fluorescence as below.
Microscopic observation
Images from a fluorescence microscope (BX-50 FLA; Olympus) were captured with an imaging system (DP71; Olympus). Time-lapse images were obtained every 15 min. The protonemal cells were cultured in a small chamber containing BCDG medium on a glass slide. The fluorescent images were obtained with a confocal laser microscope (LSM 510; Carl Zeiss) for GFP and Chl autofluorescence (Asano et al. 2004 ).
Generation of the knockout lines
To disrupt each PpCRL gene, the 5 0 region (2,827 bp) of the PpCRL1 gene, a 2,830 bp region of the PpCRL2 gene and a 2,730 bp region of the PpCRL3 gene were amplified from the moss total cellular DNA by PCR using EX Taq DNA polymerase (TAKARA) using appropriate primers (Supplementary Table S1 ). The amplified DNAs were cloned into pGEM-T Easy (Promega) and named pYi1, pYi2 and pYi3, respectively. pCRL1TN4 ( Supplementary Fig. S1 ) and pCRL1TN40 were generated by insertion of the nptII cassette into pYi1 using the GPS-M mutagenesis System (NEB). pCRL1TN40H was constructed by replacing the nptII cassette of pCRL1TN40 with the hpt gene cassette encoding the protein conferring hygromycin resistance to mosses. To construct pCRL2KN1 ( Supplementary Fig. S2 ) and pCRL3KN3 ( Supplementary  Fig. S3 ), a 2,095 bp SmaI fragment carrying the nptII cassette was excised from pG35KN1 and was inserted into an StuI site in pYi2 or an StuI site in pYi3. pCRL3HN1 was constructed by replacing the nptII cassette of pCRL3KN3 with the hpt gene cassette. These plasmids were digested by NotI and introduced into the P. patens protonema protoplasts as previously described (Ohtani et al. 2010) or into the P. patens protomemata by particle bombardment. Transformed mosses were cultured on BCDAT medium containing 20 mg ml À1 geneticin disulfate G418 (Wako).
To generate the double KO mutants, we transformed a PpCRL2 KO line (Á2-10) by the second KO plasmids, pCRL1TN40H ( Supplementary Fig. S6 ) or pCRL3HN1. Double KO lines were selected by BCDAT containing both 20 mg ml À1 G418 and 20 mg ml À1 hygromycin B (Wako). All moss plants were initially screened via direct PCR (Schween et al. 2002) for verification of disruption of the wild-type PpCRL locus as well as correct 5 0 and 3 0 integration of the construct with primers that bind outside of the introduced construct and inside the selection cassette ( Supplementary  Fig. S5 ). Finally, we checked the KO genome by Southern hybridization ( Supplementary Figs. S1 , S2, S3, S6).
Generation of cross-species complementation lines
To generate complementation lines, the PpCRL1-GFP coding region was amplified from plasmid PpCRL1-GFP by PCR using PrimeSTAR GXL polymerase (TAKARA) and primers CRL1-ATG27 and GFP BodyR (Supplementary Table S1 ). The M1-120-GFP coding region was amplified and inserted into the SwaI site, generated by mutagenesis with primers Tnos-SwaI3-M and M-SwaI5-Tnos ( Supplementary  Table S1 ), of the modified plasmid pOX9WZ1, which was derived from the overexpression vector pTFH9119 (http:// moss.nibb.ac.jp) containing the rice Actin promoter, NOS terminator and nptII cassette. The nptII cassette was replaced with the zeocin resistance gene cassette in pOX9WZ1. The resulting plasmids were named pOXZPpCRL1-GFP and pOXZM1-120-GFP. The AtCRL-GFP coding region was amplified from pNU606 (Asano et al. 2004 ) by primers AtCRL-F and GFPbodyR, and was cloned to construct pOXZAtCRL-GFP. To construct pOXZM1-120-syc0783-GFP, the coding region of the syc0738_d gene (cpcT homolog) was amplified from the S. elongatus PCC 6301 genome ) using primers syc0738F and syc0738R, and was inserted into the SmaI site of pOXZM1-120-GFP. The SmaI site was generated by mutagenesis using PrimeSTAR GXL DNA polymerase (TAKARA) and two primers CRL1T-SmaI-F and CRL1T-SmaI-R. These plasmids were digested by ClaI and introduced into the double KO line Á1/2-9 by particle bombardment. Zeocin-resistant transformants were selected on BCDAT plates containing 20 mg ml À1 geneticin G418, 20 mg ml À1 hygromycin B and 50 mg ml À1 zeocin (Invitrogen). Transformants were confirmed by PCR using genomic DNA and appropriate primers (Supplementary Table S1 ).
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